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ABSTRACT 
Biomedical alloys have long been used for medical and prosthetic applications. With an 
increase in medical science over recent decades and an ever-increasing proportion of the 
elderly, implanted devices are growing in popularity.  During service, these alloys are subject 
to harsh environments. They need to be resistive to corrosion, not have any undesirable 
effects on the surrounding tissue, demonstrate low thermal expansion and be highly 
predictable in their properties across their service life. Applications where the implant is 
used to aid bone structure, such as in hip prostheses, also need to have moduli similar to 
bone in order to protect the patient from harmful stress-shielding effects. Due to the toxicity 
of commonly used biomedically alloys, such as the Ti-6Al-4V alloy, suitable alternatives are 
currently a strong point of research. 
This study investigates three variations of a β-Ti-Nb-Zr-Mo-Sn alloy and aimed to model the 
pseudoelastic effect under cyclic tensile loading in order to further understand the 
mechanical properties of these alloys.  As well as this, a Python based data processing 
application has been developed in order to efficiently analyse cyclic data from the tensile 
testing and for subsequent testing in further investigations of similar loading styles. 
The investigation concluded that pseudoelasticity was evident in all alloys, with the 
reduction of pseudoelasticity being proportionate to the amount of unrecoverable strain 
imposed by each cycle. The proportional reduction was related to the deformation 
mechanism in the material, with Alloys 1 and 3 being significantly less than Alloy 4. The 
moduli were reduced significantly after the initial cycle, with negligible reduction in 
subsequent cycles, concluding the reduction in moduli was proportionate to the magnitude 
of strain. Finally, the python processing code was able to efficiently and accurately analyse 
the data obtained from the Instron Universal Tensile Testing Machine. Due to uncertain 
validity of the results due to significant surface flaws and small dataset, a series of 
recommendations have also been made to validate and expand on the results presented in 
this paper.    
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1. INTRODUCTION 
1.1 Motivation for Research 
Biomedical alloys have long been used for medical and prosthetic applications. With an ever-
increasing average life expectancy, and advancement of medical technology, the elderly 
population of societies are growing. In industrialised countries, it is estimated that 6% of the 
population have some type of implanted device with 70-80% of these being made from 
metallic materials [1]. It is clear to see that the biomedical implant industry will grow with 
these trends, and as a result, research into biocompatible materials will grow with it. 
Titanium is widely used in the industry due to its high strength to weight ratio, excellent 
corrosion resistance and high toughness. They are also tailorable in their properties with 
addition of alloying content and heat treatment procedures.  
The most prominent material currently in use in the biomedical implant industry is the Ti-
6Al-4V [2]. However, it is known that V, and other elements such as Fe and Co (which are 
common elements used in biomedical applications) have shown to be toxic to the human 
body [3]. As a result, metals that contain non-toxic alloying elements such as Sn, Zr, Nb, Ta, 
Pt and Mo are being heavily researched as biocompatible alternatives. 
 A 2012 paper by Kent, Wang, Yu and Dargusch demonstrates the biocompatibility and 
appropriate pseudoelastic and mechanical properties of a β Ti–25Nb–3Zr–3Mo–2Sn [4]. This 
paper will look at the pseudoelastic response of three similar alloys under cyclic strain 
loading to 3% strain in order to determine their mechanical properties and suitability in 
biomedical applications as well as the reduction in pseudoelasticity with each loading cycle.  
The resulting analysis of the materials in this study will add to the knowledge base of the 
suitability of these three alloys to biomedical applications. With comprehensive knowledge 
of the mechanical properties of these alloys, biomedical implant producers will have a 
greater degree of options in biocompatible alloys. 
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1.2 Objectives of Thesis 
The aim of this thesis can be broken down into three major objectives: 
 Test a series of alloys under cyclic loading to 3% strain to demonstrate and model the 
pseudoelastic deformation in relation to the number of cycles 
 Use this analysis to gain a more comprehensive understanding of the performance of 
these alloy types under this style of loading and its suitability as a biomedical 
material. 
 Develop a Python code which automatically analyses the data obtained from the 
Instron Tensile Testing Machine for use in this experiment, and for data for 
subsequent cyclic or incremental strain loading experiments 
1.3 Scope of Research 
The following details the scope of the project, which can be split into two sections: The 
experimental scope and the development of the Python analysis code.  
1.3.1 Experimental Scope 
This Thesis aims at demonstrating and characterising the pseudoelastic effect in a 
𝛽 − 𝑇𝑖 − 𝑁𝑏 alloy system with varying wt% alloying content. To do this, three separate 
alloys with minor alloying content variation have been tested by cycling each alloy to 3% 
strain for 20 cycles. A heat treatment was chosen based off of the work done by Kent et al. 
on a similar alloy, and individual heat treatment plans for the specific alloys will not be 
investigated. The 3% strain was also selected from this work and cyclic data to other strains 
will not be investigated. 
The analysis of this experiment will be of the mechanical properties only, and does not 
include an experimental analysis of the microstructure of the alloys. Potential reasons as to 
the mechanical behaviour will be offered based on microstructural trends of similar metals 
and behaviours. 
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1.3.2 Scope of Code Development 
The Python code is to be able to take the outputted excel file of the load and strain from the 
tensile testing machine and be able to analyse the various properties of the hysteresis loops. 
The code will first split the data into each cycle and analyse each individually and output the 
following properties: 
 The area within each loop (Total energy to deform the material) 
 The incipient Young’s Modulus 
 The Pseudoelastic Ratio 
 The Strain Recovery Ratio 
 0.2% offset Yield Stress 
The code will be specific to the loading style and format of the Instron 5584 for cyclic strain 
testing, and is not being made as a general program for other loading styles or machines.  
1.4 Chapter Summaries 
Chapter 2 – Literature Review 
This chapter offers a comprehensive summary of the current literature relevant to this thesis 
project. It does this in four parts; biomedical alloys, titanium, pseudoelasticity and a review 
on the focus paper of Kent et al. Biomedical Alloy’s detail the desired properties of 
biomedical materials and the current research supporting this. The titanium section reviews 
titanium and its properties, with a strong focus on 𝛽  titanium and its strengthening 
mechanisms. The pseudoelasticity section gives an overview on what pseudoelasticity is, as 
well as provide metrics designed to quantitively assess it. Finally, the review of Kent et al.’s 
paper provides a quick summary of the findings of the pseudoelasticity of β Ti–25Nb–3Zr–
3Mo–2Sn.  
Chapter 3 – Methodology 
The methodology is split into three parts; the heat treatment, tensile testing and the 
development of the python code. The heat treatment and tensile testing methods detail all 
of the equipment used, the parameters for the experiment as well as the procedure in which 
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the experiment was conducted. The development of the python code gives an explanation 
as to the calculations and structure of the code and how it is to be used.  
Chapter 4 – Results 
This chapter details the results obtained from the tensile testing of Alloys 1,3 and 4. 
Pseudoelastic Ratios, Incipient Modulus and Recovery Ratios are plotted with respect to 
cycle number for each and key results tabulated. The results for incipient modulus and 
recovery ratios were comparable whereas pseudoelastic ratio trends differed slightly.   
Chapter 5 – Discussion 
This chapter discusses the results detailed in Chapter 4. It is split into four sections; 
Pseudoelasticity, Mechanical Properties, Python Processing Code and Validity. The 
deformation mechanisms and behaviour of the material is discussed in the pseudoelasticity 
section, detailing the trends observed and reasons why. The mechanical properties section 
expands this and further reinforces the reasoning behind the pseudoelasticity and explores 
the mechanical properties and the alloys suitability as a biomedical material. Next, the 
limitations and functionality of the python processing code is explored before the validity 
section details the limitations of the experiment and justification of the conclusions made.  
Chapter 6 – Recommendations for Future Work 
This chapter outlines several recommendations that have been made for future research in 
this field. These recommendations include validation and further research into several 
aspects of this investigation in order to paint a more detailed picture and improve the 
performance of these alloys before being used in a biomedical or other application.  
Chapter 7 - Conclusions 
Finally, this chapter details the conclusions made from this investigation and details how the 
aims have been met.  
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2 LITERATURE REVIEW 
2.1 Biomedical Alloys 
Biomaterials are natural or artificial materials, used in the making of structures or implants, 
to replace the lost or diseased biological structure to restore function and form [5]. It is 
estimated that 6% of the population have some type of implanted device with 70-80% of 
these being made from metallic materials [1]. Depending on the specific application of the 
implant or prosthesis, the required properties of the material vary. In order for a material to 
be effective in its service life, it requires certain mechanical properties and biocompatibility. 
Figure 1 shows a series of potential failure modes of the implant that would lead to costly, 
and what should be unnecessary, revision surgery.   
 
Figure 1 Various Biomaterial Failure Modes [5] 
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Biomaterials need to be designed such that they can overcome all of these failure modes 
whilst remaining cost effective and accessible. Figure 2 displays a series of applications of 
biomaterials in the human body which demonstrates the need for a versatile catalogue of 
materials.  
 
Figure 2 Biomaterial Applications [6] 
The success of a biomaterial is dependent on three major factors; the properties 
(mechanical, chemical and tribological), biocompatibility and the patient’s health and 
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surgeons competence [6]. Whilst the latter is out of scope for the immediate design of the 
biomedical device, the first two factors are heavily dependent on the material selection. 
Titanium alloys are typically used for orthopaedic and dental devices in load bearing 
applications [7]. 
2.1.1 Wear and Corrosion Resistance 
A typical environment for a biomaterial in a human body is a highly oxygenated saline 
electrolyte with an approximate pH of 7.4 and a temperature of 37℃ [8]. This is an 
extremely corrosive environment. The biomaterial needs to be designed so that it can stay 
below the accepted tolerable rate for corrosion in a metallic implant system of 
approximately 2.5 × 104 mm/year [9]. Corrosion has a twofold detrimental effect on a 
patient. Corroded metal accumulates locally, or is spread around the body causing 
inflammation or, depending on the metal, can be toxic and/or potentially carcinogenic. The 
second effect is that the device itself can fail, which could cause serious and immediate 
effect on the patient. Figure 3 shows an analysis completed on failure modes of implant 
materials used in orthopaedic applications. Corrosion and erosion-corrosion are by far the 
most prominent form of failure of the studied implants [10].  
 
Figure 3 Failure Analysis of Ti-6Al-14V and 316L Steel implants [10].  
Titanium is considered to be highly corrosion resistant due to the formation of a protective 
passive surface oxide layer which forms a barrier between the metal and the corrosive 
environment around it [11]. The corrosion of titanium comes in the form of pitting or crevice 
 
 
 8 
Pseudoelastic Behaviour of the Ti Alloy  Samuel Denlay 43565757 
 
corrosion, as the degradation of the implant due to cyclic loading breaks down this passive 
layer, and the bare metal surface is exposed. These pits then act as surface flaws, creating 
stress concentrators and greatly reduce the fatigue strength of the metal [12]. Addition of 
the alloying element Nb enhances the passitivity which increases corrosion resistance [13]. 
Ultimately, the corrosion resistance of the alloy is dependent on the thickness of the oxide 
layer and the nature of the elements within the alloy [5].  
2.1.2 Biocompatibility 
Biocompatible materials are ones that can be implanted into the human body with no 
adverse effects [14]. The material needs to be inert for successful coexistence between the 
surrounding tissue and the implant. The two main factors which describe the 
biocompatibility of the material are the reactions the body has to the material and the 
materials deterioration whilst in service [7].  As the metal corrodes in the body, the alloying 
elements dissolve into tissue which can cause an allergic, inflammatory or immune response. 
It is essential that the alloying elements are selected carefully  and their effect on the human 
body considered. Table 1 details the results of a study completed by Calin et al. which 
investigated the biocompatibility of common alloying elements [15].  
Table 1 Biocompatibility of common alloying elements [15]  
BIOCOMPATIBLE ELEMENTS HARMFUL ELEMENTS  
Ti, B, Mg, Si, P, Ca, Sr, Zr, Nb, Mo, Pd, In, Sn, 
Ta, Pt, and Au 
Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ag 
 
It can be observed from this that the elements being used in this investigation are all 
biocompatible, whereas common implant metals such at Ti-6Al-14V which these metals are 
trying to act as an alternative to, do not. The materials deterioration in service largely 
depends on its mechanical properties and its resistance to corrosion.  
2.1.3 Mechanical Properties 
The specific mechanical properties of materials largely depend on its intended application. 
As mentioned previously, Ti-based alloys are largely used for orthopaedic and dental devices 
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in load bearing applications [7]. Mechanical properties that need to be considered are the 
material’s stiffness, strength, fracture toughness and fatigue strength.  
In the application of joint replacement, or one where the alloy will act in a load bearing role 
in the place of damaged or worn bone, it is important that mechanical properties are 
comparable to that of the surrounding bone to protect against damaging stress shielding 
effects caused by a significant mismatch in mechanical properties. 
The mechanical properties of bone greatly vary across bone type and age. The elastic 
modulus for human cortical bone and callous bone are 4-30 GPa and 0.2-2 GPa respectively 
[7]. Typically, titanium based alloys have elastic moduli of 55-110 GPa, which is much lower 
than other implant materials such as stainless steels (190-210 GPa) and Co-Cr alloys (210-
253 GPa) [5]. 𝛽-Ti alloys typically have lower moduli than the stiffer 𝛼 and 𝛼 + 𝛽 alloy types. 
When load is applied to the bone with an implant present which has a higher moduli then 
the bone, the load will be taken by the implant. This leads to atrophy of the bone which is 
obviously unfavourable. It is therefore imperative that when replacing hard tissue, low 
modulus alloys should be used to inhibit this atrophy [16]. 
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2.2 Titanium Alloys 
Titanium Alloys have long been the material of choice in a variety of biomedical, aerospace, 
industrial and military applications. They are used in these applications due to their high 
tensile strength, excellent toughness (even at elevated temperatures), corrosion resistance 
and their low weight. Titanium alloy’s properties are also able to be tailored to suit their 
application by altering their alloying elements and contents.  
2.2.1 Titanium overview 
Titanium alloys are classed into three categories; 𝛼 titanium,  𝛼 + 𝛽 titanium and 𝛽 titanium. 
The terms 𝛼 and 𝛽 refer to the crystal structure present in metal. 𝛼 Titanium is a hexagonal 
closed pack (HCC) crystal structure and is the structure of titanium until it is heated above 
the 𝛽 transus temperature of 882℃ [17]. Above this temperature, the metal undergoes an 
allotropic transformation to a body centred cubic structure (BCC) which is known as the 𝛽 
phase. Each of these phases have different desirable properties. Typically, the  α phase is 
strong and brittle, whereas the β phase is slightly more ductile at the cost of some strength. 
The alloying content within the metal has the ability to lower or raise this β transus 
temperature. Alloys elements which lower the temperature, allowing for easier growth of 
the β phase are called β stabilisers, whereas  α stabilisers are elements which raise the β 
temperature. There is a limit though as to the amount of 𝛼 stabilisers that can be added, as 
high 𝛼 stbailiser content causes embrittlement in the metal. Generally, the total content 
should be less than 9 wt.% of Al equivalent [18]. 
Alloying elements can also be included to give the alloy more specialised properties. 
Strength, corrosion resistance and effectiveness of heat treatment are some of the 
properties that can be improved with the addition of specific alloying elements.  
2.2.2 𝜷-Titanium Alloy Properties 
The 𝛽-Titanium segment of alloys offer the highest strength to weight ratio and the highest 
hardenability of all titanium alloys. They also exhibit exemplary corrosion resistance and 
excellent cold formability [19]. 
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Β alloys can be categorised into either metastable or stable. Figure 4 shows a pseudo binary 
phase diagram of Titanium and an isomorphous stabiliser. 
 
Figure 4 Pseudo binary phase diagram of titanium and a β stabilizer [19] 
The figure displays two important points, 𝛽𝑐 and 𝛽𝑠. To obtain 100 % β upon quenching, 
there must be enough β stabilizer such that when the alloy is cooled it doesn’t pass through 
the martensite start, 𝑀𝑠, temperature, hence alloys above 𝛽𝑠 stabiliser are considered to be 
stable. Alloys with β stabiliser content above 𝛽𝑐 are considered to be metastable. The 
alloying elements used in this investigation, Nb, Mo, Zr and Sn are all β stabilizing or neutral 
elements [20]. The stability of the alloy effects its ability to be able to precipitate out the 
secondary 𝛼 phase and thus its mechanical properties. With sufficient β stabiliser, the 
martensite start temperature can be suppressed below room temperature. Growing this 
martensite phase can be achieved by inducing it with stress or through ageing at elevated 
temperatures.  
The stability of the alloy also determines the deformation mechanism. The deformation 
mode can be reasonably explained when considered the amount of Sn present. It is reported 
that Sn additions change dominant deformation mode from twinning to deformation 
induced martensitic transformation due to the suppression of the 𝜔 phase [21]. The addition 
of Zr has little effect when compared to that of Sn.  This essentially concludes that as 
stability increases, the mechanism changes from martensitic to twinning. The presence of 
martensitic phases or the 𝜔  phase also act as nucleation sites for stress induced 
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transformation during deformation [22]. Twinning is the division of an original uniform 
crystal into two with a common boundary, allowing for higher stresses and larger strains 
[23]. These mechanisms both lead to a significant drop in load and plateau on the stress 
strain curve, indicating, and the reversion of these mechanisms upon unloading leads to 
large strain recovery.  
2.2.3 Strengthening Mechanisms 
𝛽 Titanium can be strengthened in a variety of methods depending on their alloying 
elements. The method used in this study is a solution treatment. Solution treatment involves 
heating the alloy to above the β transus temperature and holding there so that the 𝛽 phase 
can grow, and then this phase is retained by cooling the metal back down. This allows for the 
𝛽 phase to exist at room temperature [24].  
Ageing is also an important and widely used strengthening mechanism for titanium alloys. It 
is coupled with a solution treatment prior, and is used to grow fine 𝛼 particulates into the 𝛽 
matrix [25]. Doing this can tailor the mechanical properties of the material such that high 
strength from the 𝛼 phase, and the ductility of the 𝛽 phase can be utilised in the one 
material. Ageing occurs below the β transus temperature but the exact temperature and 
time varies across alloys, and what properties are trying to be achieved.  
Figure 5 shows the various microstructural combinations of α and β under different heat 
treatment and cooling temperatures. This demonstrates the high influence the heat 
treatment and ageing process has on the microstructure and thus the mechanical properties 
of the alloy. In order to have a low modulus the 𝛽 phase is desired to be the primary 
constituent of the microstructure, given its higher ductility than the stiffer phase.  
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Figure 5 Microstructure of alpha and beta titanium under different thermochemical processing [5] 
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2.3 Pseudoelastic Effect 
Pseudoelasticity is the particular behaviour where high deformation upon loading is 
recovered upon unloading [26].  It is particularly useful in biomedical applications in that if 
the implant is subject to deformations, partial or even full strain recovery is possible given 
the pseudoelastic properties of the biomedical material. Another added benefit is it is known 
that pseudoelasticity is directly responsible for an increased fatigue life over commercially 
pure titanium leading to a prolonged service life [27]. 
2.3.1 Characterisation 
Figure 6 shows a typical stress strain curve for a material demonstrating pseudoelastic 
behaviour. It is characterised by an initial linear loading zone before plateauing out. This 
plateau being attributed to the stress induced martensitic phase transformation, or through 
twinning of the β phase. Upon unloading, there is an initial linear zone before becoming non-
linear. 
 
 
Figure 6 Typical Psuedoelastic Curve [28] 
The following metrics have been developed to quantify the pseudoelastic response of the 
material [4]. The pseudoelastic ratio (Equation (1)) quantifies the amount of strain recovered 
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due to the pseudoelasticity of the material, and the recovery ratio (Equation (2)) quantifies 
the total amount of strain recovered when unloading.  
𝑆 =
𝜖𝑠
𝜖𝑡𝑜𝑡𝑎𝑙
  
(1) 
 
𝑅 =  
𝜀𝑠+𝑒
𝜀𝑡𝑜𝑡𝑎𝑙
 
(2) 
  
These metrics will be able to provide reasonable means to assess the pseudoelastic response 
of each cycle and the hypothesised loss of this with number of cycles.  
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2.4 𝜷 Ti–Nb–Zr–Mo–Sn Review 
Research and investigation into the promising 𝛽 Ti–2Nb–Zr–Mo–Sn has been completed by 
Kent et al.[4]. This paper was able to characterise the pseudoelastic response of Ti–25Nb–
3Zr–3Mo–2Sn to a series of loading conditions and demonstrate the mechanical properties 
of the alloy, and compared the alloy in solution treated and solution treated/aged 
conditions. Significant pseudoelastic behaviour and favourable mechanical properties for 
biomedical applications were achieved. 
The alloy demonstrated a maximum pseudoelastic response with a strain recovery of 2.1% at 
3% strain which is the basis of which the method for this investigation is based from. The 
solution treated condition resulted in the most favourable properties, with elastic modulus 
of 50-80GPa , and a UTS of 708-715MPa and El(%) of 15.3-31.3%.  The same solution 
treatment will then be used for the alloys investigated in this thesis.  
The pseudoelastic response in the metal was attributed to the reversible stress induced 
martensitic transformation from the 𝛽 phase to the 𝛼" phase. The first yield point (point 
after the initial linear section) was described as the trigger stress to which the parent 𝛽 
phase transformed to the martensitic 𝛼" phase whilst the second linear region is the 
deformation of this new martensite phase. 
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3 METHODOLOGY 
3.1 Specimen Preparation 
The following alloys were supplied and labelled as shown in Table 2. A fourth Alloy, denoted 
as Alloy 2, has been omitted from this investigation due to uncertain validity. 
Table 2 Alloy label and contents 
ALLOY LABEL # Nb Zr Sn Mo 
1 23.6 2.48 1.27 - 
3 24.4 2.81 1.90 2.96 
4 24.6 3.14 2.03 5.47 
 
The specimens were received pre-cut to ASTM E8M-04 sub size specimen with a nominal 
5.5mm width and 1.5mm thickness and a 25mm gauge length.  The alloys were produced 
from Ti sponge (99 wt.%), Zr bars (99.7 wt.%), Sn bars (99.9 wt.%), Mo powder (99.8 wt.%) 
and an intermediate Nb alloy (47% wt.% Ti). To ensure chemical homogeneity, the alloys 
were melted twice by non-consumable arc melting and then hot rolled at temperature of 
850°C to reduce the thickness to the nominal 1.5mm. The specimens were then cut from the 
sheets using electro-discharge machining. Each specimen was marked with small notches on 
the side of the grip area of the specimen with the use of a grinder for identification 
purposes. 
3.2 Heat Treatment 
The specimens were encapsulated into quartz glass tubes and then evacuated. In total, the 
specimens were all treated in two rounds of heat treatments.  An MIHM-VOGT P6/B furnace 
was used to heat treat the specimens at 750℃ for one hour. The evacuated tubes were 
placed in wire mesh baskets for transport in and out of the furnace, as well as protecting the 
glass from resting directly on the furnace interior. During the heat treatment process, the 
approximate heating rate was 5℃/min. After one hour had passed, the furnace was 
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switched off and the furnace door opened and cool air could flow in.  The approximate 
cooling rate for the specimens was 20℃/min. Once sufficient time had surpassed, allowing 
for the cooling of the specimens to approximately room temperature, the quartz glass tubes 
were destroyed. This was done by encasing the tubes in paper towels and then gently 
tapping with a blunt object until destroyed. The specimens were then cleaned to ensure 
there was no residual glass attached to the them.  
3.3 Tensile Testing 
Tensile testing was conducted using an Instron Universal Tensile testing machine (Instron 
5584) at room temperature. The machine was setup with mechanical wedge grips and a 
10kN load cell. A dual sided knife edge extensometer with a 25mm gauge length was used to 
record the strain. The dual sided extensometer was used as it averages the strain and 
minimises error due to curvature in the specimens which were present as a result of 
manufacturing. Prior to testing, each specimen’s gauge area was measured using a 
micrometer. Figure 7 shows the setup of the specimen in the tensile machine, with the 
extensometer attached.   
 
Figure 7 Tensile Testing Setup 
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The tensile testing machine was programmed using the Instron Software installed on it’s 
control terminal. The machine applies an initial load of 20N on the specimen before loading 
at a strain rate of 1.2mm/min until the specimen reaches 3% strain. It then unloads at this 
same strain rate until it reaches a load of 5N before repeating this same cycle. It is 
programmed to cycle each specimen a total of 21 times. If a specimen failed during testing, 
the machine was stopped using the manual stop test function on the machine’s control 
panel. The machine outputs a .csv file containing the raw data of load and strain which was 
then processed as discussed in Section 3.4. 
3.4 Data Processing 
The .csv raw data file outputted from the Instron Machine was converted to an excel file 
which could then be loaded by the code designed for this style of testing. The code is written 
in Python 3.5 and utilises the xlrd, matplotlib and math packets.   
3.4.1 Stress and Strain Calculations 
From the file outputted from the Instron software, load and strain can be directly retrieved 
for analysis by the python program. Area can also be obtained as the width and thickness of 
the gauge length are listed and retrieved from the file as well. All of these values are 
obtained using the xlrd Python package which reads the excel document and exports the 
values. 
As the load and strain that is retrieved is the direct measured values, they need to be 
converted into true stress and true strain. By doing this, the stress and strain is represented 
correctly, as these direct measurements do not take into account the reduction in cross 
sectional area of the specimen as it is strained.  
The true strain is calculated using Equation (3. 
𝑇𝑟𝑢𝑒 𝑆𝑡𝑟𝑎𝑖𝑛 = ln(1 + 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛) (3) 
True stress is calculated in a similar way, shown as Equation (4. 
𝑇𝑟𝑢𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 =
ln(1 + 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛) ∗ 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑆𝑡𝑟𝑒𝑠𝑠
𝐴𝑟𝑒𝑎
 
(4) 
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3.4.2 Loop identification 
In order to obtain the properties of each cycle, the data must be split up and each loop 
identified. This is done by analysing the list of stress points retrieved from the excel file. 
Starting at the beginning of the list of stress points, a moving average of ten points is taken 
for the first thirty points, resulting in three values, one for the first, second and third lot of 
ten values. These averages are then compared to each other, with the criteria that if the 
middle average value is lower or higher than the surrounding two, the minimum or 
maximum value respectively, in that middle ten values is taken as a turning point.  If this 
criteria is not met, the three moving averages are moved ten points further along.  
The moving average is used due to the high sampling rate of the Instron Machine of 
approximately 50Hz. The stress and strain of the specimen does not vary significantly across 
these small time differences which saves on computing power, and allows noisy data to be 
smoothed out.  
3.4.3 Property Calculation 
With each hysteresis loop identified and separated, the individual properties of the loops 
can be calculated.  
3.4.3.1 Deformation Energy 
The energy absorption of each loop is calculated using the basic trapezoidal rule as shown in 
Equation (5. 
𝐴𝑟𝑒𝑎 =
𝑦1 + 𝑦2
2
× (𝑥2 − 𝑥1) 
(5) 
In this application, the x values are strain, measured in % and the y values are stresses, 
measured in MPa. The resulting area gives the energy absorbed in Joules. A simple 
trapezoidal rule is deemed sufficiently accurate for this application due to the large amount 
of data points present, and the very small increases in strain between data points.  
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3.4.3.2 Incipient Modulus 
For non-linear loading cycles, the incipient modulus is defined as the tangent of the curve at 
0 stress [29]. To implement this in the code, it was assumed that the first 0.4% strain of the 
loading cycle was linear. The simple gradient can then be taken over this initial region.  
3.4.3.3 Pseudoelastic and Recovery Ratio 
As discussed previously, the pseudoelastic and recovery ratios can be calculated using 
Equation’s (1) & (2) in reference to Figure 6. To calculate the tangent line on the initial linear 
region of the unloading cycle, which is used to split the 𝜖𝑒 and 𝜖𝑠 regions in the unloading 
cycle, it was assumed the first 0.2% of the unloading line is linear. Similarly, to the incipient 
modulus calculations, the gradient of the tangent line can be calculated, and using the initial 
unloading point, the tangent line function can be created and the intercept with the x axis 
found. With the x intercept identified, these two values can be calculated using the 
maximum and minimum strain of the unloading cycle. The total strain region, 𝜖𝑡𝑜𝑡𝑎𝑙, can be 
found simply by subtracting the minimum strain of the loading cycle from the maximum. 
From this the two ratios can be found for the cycle.  
3.4.3.4 0.2% offset Yield Stress 
 
The 0.2% offset yield stress is defined as the interception of the stress strain curve and a line 
offset 0.2% strain from the initial linear zone with the same gradient [30]. This is 
implemented in the code by taking the incipient modulus calculated previously, applying this 
as the gradient and then offsetting the strain by 0.2%. This results in Equation (6). 
𝜎 = 𝐸(𝜖 − 0.002) (6) 
The yield stress is only calculated for the initial strain cycle of the test. The code substitutes 
strain values into this equation, and compares the calculated stress to the measured stress 
from the experiment. If the measured stress falls within a tolerance of 1 MPa of the 
calculated stress, that stress is taken as the yield stress.   
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4 RESULTS 
4.1 Alloy 1 
Alloy 1 exhibited pseudoelastic behaviour in all specimens which cycled through 20 cycles. 
Figures Figure 8 through to Figure 10 detail the results of these successful tests, with error 
bars of one standard deviation.  
 
Figure 8 Incipient Modulus of Alloy 1 
 
 
Figure 9 Recovery Ratio of Alloy 1 
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Figure 10 Pseudoelastic Ratio of Alloy 1 
The incipient modulus of Alloy 1 reduced from 98 GPa by approximately 10% after the initial 
strain cycle and then reduced marginally with subsequent cycles, essentially plateauing out 
after approximately five cycles to 87GPa. In contrast to this, the recovery ratio increased 
from 45% to 95% after the initial strain cycle, and approached 100% with subsequent cycles. 
The pseudoelastic ratio increased slightly after the first cycle from 15% to 16% before 
steadily reducing with each cycle after.  
 
Figure 11 Stress Strain Curve of Alloy 1 
Figure 11 shows the stress strain curve of Alloy 1. An initial linear deformation zone is 
present before a secondary plastic deformation section. The yield stress for this alloy is 
approximately 608 MPa with a standard deviation of 60 MPa.  
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4.2 Alloy 3 
Alloy 3 exhibited excellent pseudoelastic behaviour. Figure 12 through to Figure 14 detail the 
results of this specimen. Error bars of 10% are attached due to the lack of data required to 
produce a more meaningful error analysis. The incipient moduli of the initial cycle is around 
70 GPa before reducing to 60Pa in the next and gradually plateauing down to 56 GPa over 
the subsequent cycles. Similar to Alloy 1, a significant drop in modulus is observed after the 
first cycle and then a very minimal reduction over the following cycles.  
 
Figure 12 Incipient Modulus of Alloy 3 
 
Figure 13 Recovery Ratios of Alloy 3 
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The recovery ratio of the first cycle is around 56% before increasing and plateauing 
approaching 100%. The pseudoelastic ratio of the initial cycle was around 24 %, jumping to 
27% on the next cycle before gradually descending and plateauing around 18-19%. Once 
again, this is similar behaviour to Alloy 1. Although only one successful test was conducted, 
the trend and behaviour of the alloy is consistent with what was expected, and as such the 
result of this should not be discounted.  
 
Figure 14 Pseudoelastic Ratios of Alloy 3 
4.3 Alloy 4 
Minimal pseudoelastic behaviour was observed in Alloy 4. Figures Figure 15 throughFigure 
17 detail the results of this specimen. The incipient modulus and recovery ratios behaved 
similarly to what was observed in Alloy 1 and 3. The modulus dropped from the initial cycle 
and plateaued out, and the recovery ratio increased significantly after the first cycle and 
plateaued out approaching 100%. The pseudoelastic ratio did not follow the trends as seen 
previously. Whilst the initial cycle showed comparable ratio to previous, the subsequent 
cycles saw the ratio approach 0%, meaning no pseudoelasticity was able to be observed 
after approximately 5 cycles.  
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Figure 15 Incipient Modulus of Alloy 4 
 
Figure 16 Pseudoelastic Ratios of Alloy 4 
 
Figure 17 Recovery Ratios of Alloy 4 
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4.4 Summary 
A summary of the key mechanical properties of each of the alloys is provided in Table 3 
Mechanical Property Summary 
 
Table 3 Mechanical Property Summary 
 ALLOY 1 ALLOY 3 ALLOY 4 
YIELD STRESS 
(MPA) 
608 ± 61 860 ± 36 644± 39 
INCIPIENT 
MODULUS (1ST 
CYCLE) GPA 
99±2 68± 10 66± 7 
MAX 
PSUEDOELASTICITY 
15.5 % 26% 16% 
INITIAL RECOVERY 
RATIO 
45% 57% 53% 
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5 DISCUSSION 
5.1 Pseudoelasticity 
Pseudoelastic response was demonstrated in all three alloys that were tested. Alloys 1 and 3 
both displayed the same trend where pseudoelastic response increased marginally after the 
initial strain cycle before decreasing and plateauing after 5 subsequent cycles. Alloy 4 
however differed in that its initial pseudoelastic response was the maximum, with 
decreasing response with subsequent cycles. Alloy 3 exhibited the strongest response, with 
results around 30 – 50% higher for each cycle when compared to Alloy 1. Alloy 4 had a 
similar initial result for its initial strain cycle compared to Alloy 1 before it went to 0.  
The drop in in pseudoelasticity after the first two initial cycles can be attributed to the 
unrecoverable strain that that is subjected to the material. Figure 18 is representative of the 
trend of the deformation energy of each of the samples as they were subjected to the 
tensile tests. The energy required to deform the specimen in the initial cycle to 3% strain is 
13 times what was needed for subsequent cycles. This absorbed energy causes permanent 
deformation in the specimen and irreversible effects on the microstructure.  
 
Figure 18 Deformation Energy 
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The extent of these irreversible effects on the pseudoelastic behaviour is different for each 
alloy, largely due to the deformation mechanism. Figure 19 is an adaptation of Abdel-Hady 
et al. [31] Bo-Md  diagram with the alloys from this experiment included. Bo is the bond 
order, which is a measure of the covalent bond strength between Ti and an alloying element 
and Md is the d-orbital energy of the alloying element, which correlates with the 
electronegativity and metallic radius of the elements [32].  
 
Figure 19 Bo-Md Diagram (Adaptation of Abdel-Hady) Courtesy: Damon Kent [33] 
The diagram shows that Alloy 4 falls on the border between the slip and twinning 
deformation region, Alloy 3 falls in the centre of the twinning deformation region and Alloy 1 
falls within martensite region.  This is further demonstrated with SEM images obtained by 
Kent et al. [33] shown in Error! Reference source not found.. Upon deformation Alloy 1’s 
lathe like features realign in the direction of applied stress and grow in size, consistent with 
reorientation and 𝛼" phase growth deformation mechanism. Alloy 3 shows the formation of 
plate-like features after deformation which can be attributed to twinning and stress induced 
martensite transformation. Alloy 4 shows similar plate like features to Alloy 3 but to a lesser 
extent, suggesting twinning may also be present as well as the slip mechanism. 
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Figure 20 SEM microstructures of alloys before and after deformation Courtesy: Damon Kent [33] 
From the results of the pseudoelasticity response both Alloy 1 and Alloy 3 demonstrated 
proportional reductions with increasing cycle number. It is evident then that the energy 
absorbed by the material each cycle causes a permanent change in the microstructure which 
has resulted in a loss of the pseudoelastic response. When comparing the total recovery 
ratio, that is the stain recovery for each cycle relative to the initial 3% strain, the drop in 
pseudoelasticity is proportional to the reduction in recovery ratio. This means that the drop 
in pseudoelastic response is proportional to the amount of unrecoverable strain in the 
sample with each cycle. This is highlighted in Figure 21 Total Recovery Ratio vs Pseudoelastic 
Ratio which shows total recovery ratio and pseudoelastic ratio for Alloys 1 and 3.  
 
Figure 21 Total Recovery Ratio vs Pseudoelastic Ratio 
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Alloy 4’s pseudoelastic behaviour had a different trend than Alloys 1 & 4. Figure 22 
compares the total recovery ratio to the pseudoelastic ratio. It can be hypothesised that the 
pseudoelasticity is reduced proportionally by the amount of unrecoverable strain but to a 
larger extent when compared to Alloy 1 & 3. After approximately five cycles, the 
pseudoelastic ratio tends towards zero. This indicates that the deformation has a larger 
permanent effect on the microstructure.  
 
Figure 22 Total recovery Ratio and Pseudoelastic Ratio of Alloy 4 
From these results it can be inferred that the stressed induced martensite transformation 
and crystal twinning lead to prolonged reduction in a materials pseudoelastic response when 
cycled to a constant strain. For a given stress cycle, the pseudoelastic response reduces in a 
proportionate amount to the unrecoverable strain. The slip mechanism also reduces the 
pseudoelastic response in a proportionate amount to the unrecoverable strain, but to a 
much greater extent, effectively eliminating the pseudoelastic response after approximately 
five cycles.  
5.2 Mechanical Properties 
The mechanical properties tested in this investigation were yield stress (also known as 0.2% 
proof stress) and incipient modulus. The trends of these properties also reveal insight into 
the deformation mechanism and further highlight the permanent irreversible deformation 
that affects the materials properties after each cycle.  
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There are no discerning trends in regard to the yield strengths (0.2% offset) obtained in this 
investigation. Alloy 3 had the highest, at 860MPa, with Alloy 1 and 4 considerably lower at 
608 MPa and 644 MPa respectively. This demonstrates that the alloys still have high tensile 
strength, when typically, low modulus titanium alloys achieve poor strength [34]. 
Alloy 1 had the highest incipient modulus of approximately 99GPa followed by Alloy 3 with 
68GPa and Alloy 4 at 66GPa. The higher modulus found in Alloy 1 is due to the higher 
proportion of 𝛼 phase present in the microstructure. The hard brittle 𝛼 phase has a higher 
stiffness than the 𝛽 phase which is why this modulus is higher than Alloys 3 and 4, which are 
primarily 𝛽 phase. This is evident in XRD Spectra analysis (Figure 23) conducted by Kent et al. 
which confirms this, with alpha phase dominating Alloy 1 and the 𝛽 phase dominating Alloy 
3 & 4. 
 
Figure 23 XRD Spectra for Alloys 1,3 & 4 before and after deformation Courtesy: Damon Kent [33] 
In cycling through the strain cycles, the common trend across all three alloys is a significant 
drop in modulus after the initial strain cycle, followed by a plateau. This indicates that the 
modulus is reduced by the magnitude of the strain and not influenced by the number of 
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cycles, which is consistent with findings by Kent et al. [4]. The reduction in modulus is known 
as elastic softening and is caused by the instability of the 𝛽 BCC crystal under external stress. 
Partial recovery of the modulus does occur though through room temperature ageing [35].  
The modulus of bone is approximately are 4-30 GPa [7]. Previous choices of stainless steel 
(210GPa) and chromium cobalt alloys (240GPa) are much higher than this which lead to 
harmful stress shielding effects within the body [5]. Figure 24 details the elastic moduli of 
various implant alloys in current use.  
 
Figure 24 Elastic Moduli of various biomedical implants [5] 
While Alloy 1 ranks towards the upper end of the list, Alloys 3 and 4 with moduli of 68 and 
66 GPa respectively are towards the lower end of the spectrum and given there 
pseudoelastic properties, are great candidates for future implant devices. After straining, 
these alloys exhibit moduli of 58 and 59 GPa respectively, which put them even lower onto 
this list. Studies by Hao et al. [29] on a Ti–24Nb–4Zr–7.9Sn alloy suggest that this modulus 
can be made stable by holding for approximately 6 months. Individual studies will need to be 
made on these alloys to confirm optimal holding times for stable modulus reduction. The 
study will also need to identify the effects this holding time has on the pseudoelastic 
properties of the materials.  
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5.3 Python Processing Code 
The developed code was able to calculate all the required properties of the hysteresis loop 
outlined in the objective (Section 1.3.2). Whilst every precaution is made to ensure the 
versatility of the code when being used to analyse various data sets, there are inherent 
limitations present, as is with any modelling programs.  
The first point of limitation is the splitting of the data into unloading and loading cycles. A 
moving average of ten points looking at the stress values is used. The averages are 
compared to determine turning points. In noisy data, false turning points may be identified 
which would lead to incorrect analysis. This is avoided in this application of the code by 
putting in a minimum length of points that must be in the loading or unloading curve in 
order to mitigate this problem since this was approximately known through manual analysis. 
For use of the code in other applications, the data will need to be manually analysed to be 
able to give a minimum number of points in order to avoid this issue. 
The next minor limitation is the area calculations. A simple trapezoidal rule was used to 
calculate the area within each hysteresis loop. This amounts to negligible error in this data 
set due to the high sampling rate used, however, the limitation should still be acknowledged. 
At the expense of processing time, more sophisticated rules, such as Simpsons Rule or 
Boole’s rule could be implemented should the data have a smaller sampling rate and more 
accurate interpolation needed.  
The final limitation is the assumption of linear regions in the data set in order to calculate 
pseudoelastic and recovery ratios, incipient modulus and yield strength. In this investigation 
it was assumed the first 0.4% strain of the loading curve and the first 0.2% of the unloading 
curve was linear. While this is relatively accurate for this data set, once again this is from 
manual inspection of the data, and for a different material or loading scenario, this value 
may need to be changed to reflect the actual behaviour.  
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5.4 Validity  
The validity of the results of this investigation are uncertain. The samples provided for this 
project had substantial amounts of surface flaws and the majority had significant bending. 
These physical flaws garner significant doubt over the validity of some of the results 
obtained in this investigation. Figure 25 is an example of a failed specimen with significant 
surface flaws, as well as an untested sample showing substantially flawed surface. As with 
many of the failed specimens, the failure point was on that of a noteworthy flaw.  These 
flaws act as stress concentrators which lead to premature failure and invalid results.  
Twenty-four samples encompassing four alloy types were tested in this investigation. A 
fourth alloy was tested, which contained only minor variation in alloying content to the ones 
presented had all six samples prematurely fail before reaching the 3% strain limit. Alloys 1 
and 4 both had three out of six of the tested samples fail prematurely at strains ranging from 
1.63% to 2.72%  for Alloy 1 and 1.45% to 1.93% for Alloy 4. These results are in stark contrast 
to the 31% elongation achieved by Kent et al. for Ti–25Nb–3Zr–3Mo–2Sn [4].  
 
Figure 25 Failed Sample 
Alloy 3 is cause for the largest amount of uncertainty in this study. Of the six tested samples, 
only one was able to reach the 3% strain limit and cycle through. The five failures occurred 
between 1.75% and 2.6% which, as what was with Alloy 1 and 4, significantly premature. The 
source of these failures was once again surface flaws on the specimens.  
Flaw 
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Another potential explanation that was explored to try and explain the results achieved was 
oxygen contamination. This would explain the embrittlement of the samples; however, no 
trace of an oxidised surface could be seen. As well as this, two separate heat treatments 
were conducted in vacuum tubes, with failures from both batches, essentially eliminating 
oxygen contamination as a cause for the failed samples.  
Having only three successful specimens for Alloy 1 and 4 and only one for Alloy 3 means 
large uncertainty values need to be placed on the results. An uncertainty of 10% was 
assigned to results achieved by Alloy 3 and an uncertainty of one standard deviation was 
given to Alloy 1 and 4. It is obvious that further investigation would be required to find more 
accurate uncertainty and values for all three alloys, however it is believed that the trends 
exhibited by the alloys in this investigation would still remain constant. The yield stress and 
moduli achieved by the three alloys largely agree with was found by Kent et al. [33] in their 
investigation of the phase stability of these alloys which validates the results of the 
pseudoelastic properties found in this study. 
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6 RECOMMENDATIONS FOR FUTURE WORK  
The findings of this investigation for these alloys are able to be used by material scientists 
and engineers when creating various biomedical devices, or for use in other applications. 
Due to limitations and observations discussed previously in Chapter 5, there are various 
recommendations which are being made in order to validate and further this investigation. 
These are: 
 Higher Quality Specimens – The majority of specimens used in this investigation 
were of poor quality. In further research into these alloys, a greater number of tests 
should be performed with flaw free samples to get a better statistical analysis into 
the mechanical and pseudoelastic properties. 
 Individualised Heat Treatments – The heat treatment used in this investigation was 
based off of a similar alloy. Individual heat treatments (including ageing) should be 
investigated for each of the alloys in order to optimise low moduli and high strength 
and pseudoelasticity.  
 Testing under simulated physiological conditions – To further understand the 
corrosive and fatigue properties of this alloy under physiological conditions, an 
investigation similar to one conducted by Zhukova et. Al. [36] on a Ti-Nb-Ta alloy 
should be conducted to identify corrosion and fatigue mechanisms and behaviour.  
 Broader strain cycling tests – This investigation only considered one strain and cycle 
time. Further investigations over larger cycle times and strain levels will give a 
broader overview as to the exact behaviour of the alloy in different conditions which 
will enable manufacturers to use the materials in appropriate applications.  
 Strain Holding Times for stable lowered moduli – As discussed previously, reduced 
moduli due to straining could be stabilised by holding the strain for certain periods of 
time. An investigation into holding times for these alloys should be investigated to 
further reduce the modulus, and study the effects this pre-strain and holding has on 
other mechanical properties of the alloy.  
 Increased functionality in processing code – The processing code could be expanded 
to provide further analysis on the data. Properties such as trigger stress, multi-test 
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averaging, Ultimate Tensile Strength and breaking strength could all be programmed 
in to provide more results for data sets. Functionality to also generate excel reports 
could be included.  
 Development of GUI/application for processing code – A more user friendly 
interface or stand-alone program could be created based upon the python code 
developed in this study. This would increase ease of use for engineers and scientists 
conducting tensile tests.  
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7 CONCLUSIONS 
The objective of this thesis was threefold; firstly, to test a series of alloys under cyclic loading 
to 3% strain to demonstrate and model the pseudoelastic deformation in relation to the 
number of cycles. Secondly, to use this analysis to gain a more comprehensive 
understanding of the performance of these alloy types under this style of loading and its 
suitability as a biomedical material. Finally, to Develop a Python code which automatically 
analyses the data obtained from the Instron Tensile Testing Machine for use in this 
experiment, and for data for subsequent cyclic or incremental strain loading experiments. 
These objectives have all been met and the following conclusions can be drawn from the 
investigation: 
 The pseudoelastic response reduces in all alloys by an amount proportional to the 
amount of unrecoverable strain imposed onto the alloy. The amount it reduces is 
dependent on the deformation mechanism, with the twinning mechanism in Alloy 4 
reducing it significantly more than stress induced martensite and reorientation in 
Alloys 1 and 3.  
 The mechanical properties exhibited by the allows make them suitable biomedical 
alloys. Alloys 3 and 4 exhibited low moduli of 68 GPa and 64 GPa and after pre 
straining, have moduli of 58 and 59 GPa respectively which are among the lowest 
moduli of currently used alloys making them ideal candidates for biomedical 
implants.  
 The developed python code was able to efficiently and accurately analyse the data 
obtained from the Instron 5584 Universal Tensile Testing Machine and obtain 
pseudoelastic and recovery ratios, incipient modulus, yield stress and deformation 
energy for each hysteresis loop. 
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APPENDIX – PYTHON PROCESSING CODE 
1. # -*- coding: utf-8 -*-   
2. """  
3. @author: Sam Denlay  
4. """   
5.    
6. ### Import packs ###   
7.    
8. from xlrd import open_workbook   
9. import matplotlib.pyplot as plt   
10. import math as m   
11.    
12. # open workbook (file must be in same folder as python script) #   
13.    
14. class DATA:   
15.     """Builds Stress and Strain List from Excel File  
16.         Strain = mm/mm  
17.         Stress = Pa  
18.         """   
19.    
20.     def __init__(self, document):   
21.         self.book = open_workbook(document)   
22.         self.sheet = self.book.sheet_by_index(0)   
23.         self.Stress = []   
24.         self.Strain = []   
25.         self.Width = (self.sheet.row_values(1)[1])/1000.   
26.         self.Thickness = (self.sheet.row_values(2)[1])/1000.   
27.         self.Area = self.Width*self.Thickness   
28.                          
29.            
30.     def StrainBuild(self):   
31.         """Builds Strain List"""   
32.            
33.         for k in range(7,self.sheet.nrows):   
34.             self.Strain.append(m.log(1+self.sheet.row_values(k)[3]))   
35.                
36.            
37.     def StressBuild(self):   
38.         """Builds Stress List"""   
39.            
40.         for p in range(7,self.sheet.nrows):   
41.             self.Stress.append((1+self.sheet.row_values(p)[3])*(self.sheet.row_value
s(p)[2])/self.Area)   
42.    
43.              
44. def SPLIT(Stress, Strain):   
45.     """"Splits list into unloading and loading curves to be used with numerical meth
od  
46.     Outputs list [Stresslist, Strainlist]  
47.       
48.     """   
49.        
50.     turningpoints = [0] # list of locations of turns   
51.     n = 0   
52.        
53.     while n < len(Stress)-30:   
54.            
55.         #Builds list of index's   
56.         MLA = []   
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57.         MLB = []   
58.         MLC = []   
59.            
60.         #Build lists of values from strain   
61.         for x in range(n, n + 10):   
62.             MLA.append(Stress[x])   
63.         for y in range(n + 10, n + 20):   
64.             MLB.append(Stress[y])          
65.         for z in range(n + 20, n + 30):   
66.             MLC.append(Stress[z])           
67.            
68.         ava = sum(MLA)/len(MLA)   
69.         avb = sum(MLB)/len(MLB)   
70.         avc = sum(MLC)/len(MLC)   
71.            
72.         allv = MLA + MLB + MLC   
73.            
74.         #tests values for maximum or minimums and appends lists   
75.         if ava < avb and avc < avb:   
76.             turningpoints.append((n + allv.index(max(allv))))   
77.            
78.         elif ava > avb and avc > avb:   
79.             turningpoints.append((n + allv.index(min(allv))))   
80.            
81.         n += 10   
82.    
83.        
84.     #deletes noisy turning points   
85.     j = 0   
86.     while j < len(turningpoints)-1:   
87.            
88.         if turningpoints[j+1]-turningpoints[j] < 500:   
89.             del turningpoints[j+1]   
90.             j = 0   
91.         else:   
92.             j+= 2   
93.         
94.     if len(turningpoints)%2 != 0:   
95.         del turningpoints[-1]   
96.    
97.     TP = len(turningpoints)   
98.     Curveliststrain = []   
99.     Curveliststress = []   
100.        
101.     for i in range(TP-1):   
102.         LISTstrain = []   
103.         LISTstress = []   
104.         for j in range(turningpoints[i], turningpoints[i+1]):   
105.             LISTstrain.append(Strain[j])   
106.             LISTstress.append(Stress[j])   
107.         Curveliststrain.append(LISTstrain)   
108.         Curveliststress.append(LISTstress)   
109.        
110.     LISTstrain = []   
111.     LISTstress = []   
112.     for j in range(turningpoints[-1], len(Strain)):   
113.         LISTstrain.append(Strain[j])   
114.         LISTstress.append(Stress[j])   
115.     Curveliststrain.append(LISTstrain)   
116.     Curveliststress.append(LISTstress)   
117.        
118.     print(len(turningpoints))   
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119.     return [Curveliststress, Curveliststrain]   
120.    
121.            
122. def AREA(Stresslist, Strainlist):   
123.     """Takes list of stress strain split into loading and unload curves, pair
s them, then finds area within each loop"""   
124.        
125.     AREALIST = []   
126.     LOOPAREA = []   
127.    
128.     for x,y in zip(Stresslist, Strainlist):   
129.         n = 0   
130.         A = 0.   
131.         while n < len(x)-1:   
132.                
133.             j = 0   
134.                
135.             if y[n+1] == y[n]:   
136.                 try:   
137.                     while y[n+ 1 + j] == y[n]:   
138.                         j += 1   
139.                     a = ((x[n] + x[n + j + 1])/2.)*abs(y[n + j + 1]-y[n])   
140.                     A += a   
141.                     n += j + 1   
142.                 except IndexError:       
143.                     a = ((x[n] + x[n + j])/2.)*abs(y[n + j]-y[n])   
144.                     A += a   
145.                     n += j + 1   
146.    
147.             else:   
148.                 a = ((x[n] + x[n+1])/2.)*abs(y[n+1]-y[n])   
149.                 A += a   
150.                 n += 1   
151.                
152.         AREALIST.append(A)   
153.            
154.     n = 0    
155.     while n < len(AREALIST):   
156.         looparea = AREALIST[n] - AREALIST[n+1]   
157.         LOOPAREA.append(looparea)   
158.         n += 2   
159.        
160.     print('The energy absorbed through each cycle is:')   
161.        
162.     cyclelist = []   
163.     arealist = []   
164.        
165.     j = 0   
166.     while j < len(LOOPAREA):   
167.            
168.         cyclelist.append(j+1)   
169.         k = LOOPAREA[j]   
170.         arealist.append(k)   
171.         print("Cycle no.".ljust(3, ' '),str((j + 1)).ljust(3, ' '), ":".ljust
(2, ' '), str(k).ljust(20, ' '), " J/m^3".rjust(2, ' '))   
172.         j += 1      
173.            
174.        
175.            
176.     plt.plot(cyclelist, arealist)   
177.     plt.xlabel('Cycle No.')   
178.     plt.ylabel('Energy Absorbed (J/m^3)')   
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179.     plt.title('Energy absorbed through each cycle')   
180.     plt.show()   
181.            
182. def LISTOUTPUT(out, cycle_no, Stresslist, Strainlist):   
183.     """outputs the coordinates for the given cycle no. to be used in matlab/e
xcel  
184.       
185.     Takes properties of the cycle loop  
186.       
187.     finds derivatives, gets youngs modulus, recovery and pseudoelastic ratio"
""   
188.        
189.     stress = Stresslist[2*cycle_no - 2] + Stresslist[2*cycle_no - 1]   
190.     strain = Strainlist[2*cycle_no - 2] + Strainlist[2*cycle_no - 1]   
191.        
192.     #output list of points   
193.     if out == 1:   
194.            
195.         print("Stress (MPa): ".ljust(20,' '), ", Strain (%): ".ljust(20,' '))
   
196.        
197.         for i in range(len(stress)):   
198.             print(str(stress[i]/1000000.).ljust(20,' '),', ', str(strain[i]*1
00).ljust(20,' '))   
199.        
200.         #plots the cycle       
201.         plt.plot([i*100 for i in strain],[j/1000000 for j in stress])   
202.         plt.ylabel('Stress (MPa)')   
203.         plt.xlabel('Strain (%)')   
204.         plt.title('Cycle No.: %s'%(cycle_no))   
205.         plt.show()   
206.           
207.     else:   
208.            
209.         #plots the cycle       
210.         plt.plot([i*100 for i in strain],[j/1000000 for j in stress])   
211.         plt.ylabel('Stress (MPa)')   
212.         plt.xlabel('Strain (%)')   
213.         plt.title('Cycle No.: %s'%(cycle_no))   
214.         plt.show()   
215.           
216.     #Find properties of cycle   
217.        
218.     #incipient YM   
219.         #assumes acts linear to 0.4% strain after cycle starts       
220.     init = strain[0] + 0.004 #value with strain 0.4% larger than cycle start 
     
221.        
222.     n = 0   
223.        
224.     while strain[n] <= init:   
225.         n += 1   
226.        
227.     E = ((stress[n]-stress[0])/(strain[n]-strain[0]))/10e8   
228.    
229.     print("The Incipent Modulus is: ",E,"GPa")   
230.        
231.     #Find yield stress   
232.        
233.     for x,y in zip(Stresslist[0],Strainlist[0]):   
234.            
235.         St = E*(y- 0.002)   
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236.            
237.         if abs(St - x) <= 20000000:   
238.                
239.             print("The 0.2% Yield Stress is: ", x/1000000.)   
240.             break   
241.     #Find ecovery ratio   
242.        
243.     #Calculate linear unloading line   
244.     unlstrain = Strainlist[2*cycle_no - 1]   
245.        
246.     x2 = unlstrain[0]   
247.    
248.     #calculate unloading modulus, assuming linear for 0.2%   
249.     init2 = unlstrain[0]- 0.002   
250.     j = 0    
251.     while unlstrain[j] >= init2:   
252.         j += 1   
253.     x1 = unlstrain[j]   
254.    
255.     unlstress = Stresslist[2*cycle_no - 1]   
256.     y2 = unlstress[0]   
257.     y1 = unlstress[j]   
258.    
259.     m = (y2 -y1)/ (x2 - x1)   
260.    
261.     #Calculate x intercept   
262.     xint = (-y1)/m + x1   
263.        
264.     #Calculate Etotal   
265.     etotal = unlstrain[0] - strain[0]    
266.    
267.     #calcualte Recovery ratio   
268.     R = 100.*(unlstrain[0]-unlstrain[-1])/etotal    
269.     print("The recovery ratio is: ",R,"%")   
270.        
271.     #calculate pseudoelastic ratio   
272.     S = 100* (xint - strain[-1])/etotal   
273.     print("The pseudoelastic ratio is: ",S,"%")   
274.        
275.    
276. def PLOTS(Strainlist, Stresslist):   
277.     """produces plots of incipent modulus vs cycle no. and R & S vs cycle no.
"""   
278.        
279.     no = int(len(Strainlist)/2)   
280.        
281.     YMlist = []   
282.     Rlist = []   
283.     R1list = []   
284.     Slist = []   
285.     cyclelist = []   
286.    
287.     for p in range(1, no+1):   
288.            
289.            
290.         cyclelist.append(p)   
291.            
292.         stress = Stresslist[2*p - 2] + Stresslist[2*p - 1]   
293.         strain = Strainlist[2*p - 2] + Strainlist[2*p - 1]   
294.            
295.         #incipient YM   
296.         #assumes acts linear to 0.4% strain after cycle starts       
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297.         init = strain[0] + 0.004 #value with strain 0.4% larger than cycle st
art      
298.            
299.         n = 0   
300.            
301.         while strain[n] <= init:   
302.             n += 1   
303.            
304.         E = ((stress[n]-stress[0])/(strain[n]-strain[0]))/10e8   
305.         YMlist.append(E)   
306.            
307.         #Find 0.2% yield stress   
308.        
309.         for x,y in zip(Stresslist[0],Strainlist[0]):   
310.            
311.             St = E*10e8*(y- 0.002)   
312.             if abs(St - x) <= 1000000:   
313.                
314.                 print("The 0.2% Yield Stress is: ", x/1000000.)   
315.                 break   
316.                
317.         #Find ecovery ratio          
318.         #Calculate Etotal   
319.         etotal = max(strain)-min(strain)    
320.    
321.         #Calculate linear unloading line   
322.         unlstrain = Strainlist[2*p - 1]   
323.            
324.         x2 = unlstrain[0]   
325.           
326.         #calculate unloading modulus, assuming linear for 0.2%   
327.         init2 = unlstrain[0]- 0.002   
328.            
329.         j = 0    
330.         while unlstrain[j] >= init2:   
331.             j += 1   
332.         x1 = unlstrain[j]   
333.        
334.         unlstress = Stresslist[2*p - 1]   
335.         y2 = unlstress[0]   
336.         y1 = unlstress[j]   
337.        
338.         m = (y2 -y1)/ (x2 - x1)   
339.            
340.         #Calculate x intercept   
341.         xint = (-y1)/m + x1   
342.    
343.         #calcualte Recovery ratio   
344.         R = 100.*(unlstrain[0]-unlstrain[-1])/etotal   
345.         Rlist.append(R)   
346.         R1 = 100.*(unlstrain[0]-unlstrain[-1])/0.03   
347.         R1list.append(R1)   
348.         #calculate pseudoelastic ratio   
349.         S = 100 * (xint - strain[-1])/etotal   
350.         Slist.append(S)   
351.            
352.     plt.hold()   
353.     plt.plot(cyclelist, YMlist)   
354.     plt.xlabel("Cycle No.")   
355.     plt.ylabel("Incipient Modulus (MPa)")   
356.     plt.title("Incipient Modulus, Cycled to 3% Strain")   
357.     plt.show()   
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358.            
359.     plt.hold()   
360.     plt.plot(cyclelist, Slist, label = 'Pseudoelastic Ratio')   
361.     plt.plot(cyclelist, Rlist, label = 'Recovery Ratio')   
362.     plt.legend(loc='upper right')   
363.     plt.xlabel("Cycle No.")   
364.     plt.ylabel("Ratio (%)")   
365.     plt.title("Recovery and Pseudoelastic Ratios, Cycled to 3% Strain")   
366.     #plt.ylim(0., 10.)   
367.     plt.show()   
368.         
369.     print('Recovery Ratio')   
370.     for n in Rlist:   
371.         print(n)   
372.     print('Recovery Ratio relative to whole cycle')   
373.     for n in R1list:   
374.         print(n)   
375.     print("Pseudoelastic Ratio")   
376.     for n in Slist:   
377.         print(n)         
378.     print("Incipipient Modulus")   
379.     for n in YMlist:   
380.         print(n)         
381.            
382.            
383.            
384. if __name__ == "__main__":   
385.        
386.     while True:   
387.             
388.         try:   
389.             name = input("Please enter the name of the excel data file: ")   
390.             print("Calculating...")   
391.        
392.             #Imports data and builds stress & strain list   
393.             data = DATA(name)   
394.             data.StrainBuild()   
395.             data.StressBuild()   
396.        
397.             #split the data into loading and unloading   
398.             tp = SPLIT(data.Stress, data.Strain)   
399.             Stress = tp[0]   
400.             Strain = tp[1]   
401.                
402.             #find and print area   
403.             plt.plot([i*100 for i in data.Strain],[j/1000000 for j in data.St
ress])   
404.             plt.ylabel('Stress (MPa)')   
405.             plt.xlabel('Strain (%)')   
406.             plt.show()   
407.                
408.             AREA(Stress, Strain)   
409.                
410.             #output ratio and incipient mod graphs   
411.             PLOTS(Strain, Stress)   
412.                
413.             print("Strain at break: ", max(Strain[0])*100)   
414.             print("UTS: ", max(Stress[0])/1000000)   
415.             #output data lists and graphs   
416.             while True:   
417.                
418.                 try:   
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419.                     cycle_no = int(input("Enter cycle no. of required data: "
))   
420.                     out = input("Would you like to print out the data points?
 (Y/N): ")   
421.                     if out == "Y":   
422.                         LISTOUTPUT(1, cycle_no, Stress, Strain)   
423.                        
424.                     if out == "N":   
425.                         LISTOUTPUT(0, cycle_no, Stress, Strain)   
426.                    
427.                 except(TypeError):   
428.                     print("That is not a valid response, please try again")   
429.                     break   
430.                
431.             break   
432.            
433.         except(ValueError):   
434.             print("Sorry, there is no file under that name, please try again"
)   
435.             break   
 
